Abstract. The effect of process parameters on the creep-fatigue behavior of a hot-work tool steel for aluminum extrusion die was investigated through a technological test in which the specimen geometry resembled the mandrel of a hollow extrusion die. Tests were performed on a Gleeble thermomechanical simulator by heating the specimen using joule's effect and by applying cyclic loading up to 6.30 h or till specimen failure. Displacements during the tests at 380, 490, 540 and 580°C and under the average stresses of 400, 600 and 800 MPa were determined. A dwell time of 3 min was introduced during each of the tests to understand the creep behavior. The results showed that the test could indeed physically simulate the cyclic loading on the hollow die during extrusion and reveal all the mechanisms of creep-fatigue interaction.
Introduction
During aluminum extrusion, a severe and complex state of stress acts on the tool system, especially on the die. The load is produced by the ram forcing aluminum to flow through the die at a temperature in a range of 400°C -580°C. Loading and unloading cycles correspond to repetitive ram strokes at a frequency of 1 to 5 billets every 10 min [1] . Depending on the batch size and die lifetime, up to hundred billets may be consecutively extruded, thus placing the die in the typical low-cycle fatigue regime. The amplitude of the mechanical load on the die is large, varying from zero to a peak value at the beginning of each ram stroke. When a thermal balance of the press is attained after a small number of ram strokes, the die temperature remains fairly stable [2] . Thus, for simplification purpose, the thermal oscillations of the die may be neglected. In addition, the total loading/unloading time for the whole batch and the temperature that the die is exposed to are high enough to consider the creep behavior of the die, particularly for hollow dies. In a hollow die, thin bridges supporting the mandrel, i.e. the part of the die defining the internal shape of the profile, are the most stressed and vulnerable in the die assembly, as these are exposed to the highest process temperature and stress. Hence, the combination of dynamic, heavy loading and high temperature sets a hostile working condition for the mandrel. Premature failure may occur after a certain number of loading/unloading cycles as a result of creep-fatigue interaction. Many investigations have been carried out to analyze the initiation and propagation of microcracks under creep-fatigue conditions [3] [4] . In parallel to experimental investigations, numerical simulations through finite element (FE) calculations have been performed to predict the levels of stress and strain as well as the lifetime of the tools during the extrusion process. It has been acknowledged that the accuracy of the predicted results depends on the ability of the constitutive model to describe the complex thermomechanical behavior of the material. Therefore, the material model is of critical importance. A model suitable for the extrusion die should be capable of dealing with the material damage under creep-fatigue conditions. The models available in the literature describing creep-fatigue interaction are formulated in terms of strain, energy or stress. The Manson-Coffin law [5] and the damage parameters proposed by Ostergren and Skelton [6] [7] are the most common formulations based on strain and energy, respectively. However, the former has a range of applications limited to small variations of strain and to low temperatures where the creep damage is almost negligible [8] . Moreover, both approaches consider a linear damage accumulation and so does the Wöhler-Miner law formulated in terms of stress and assuming the damage evolution to be a linear function of the number of cycles. Such a condition is however poorly verifiable in experiments. A more comprehensive model based on the internal state variable has been developed by Chaboche et al. [8] [9] . It belongs to the unified elasto-viscoplastic models which describe viscoplasticity without separation in time-dependent (creep) and time-independent effects. Despite its ability to describe most of the experimentally observed effects under monotonic or cyclic loadings correctly, the Chaboche model has enjoyed limited popularity, probably due to the perceived complexity of calibrating the material parameters. It is only partially available within the main commercial FE codes. The development of new technologies for aluminum extrusion aims at a minimum interference between the tool system and the material flow and thus at the optimization of the mechanical performance of the tool that is related both to tool design and tool material. It requires methods capable of fast analysis in order to verify the possible solutions found. The bridges of the mandrel represent the most critical region of the hollow extrusion die and these bridges are indispensible in the extrusion of hollow profiles. A technological test, which allows the analysis to be focused in this region, can help in finding solutions to the problems related to the hollow die and process optimization (e.g. the selection of tool material, the definition of an optimum fillet radius, the assessment of the time-displacement diagram of the mandrel, etc.). The test is desired to cover all the damage mechanisms that the bridges may encounter during aluminum extrusion. On the basis of the above considerations, a novel testing method for the evaluation of die material and process-related issues were developed. Purposely designed specimens with a shape close to that of the die bridges were tested using a thermomechanical simulator (Gleeble). An experimental campaign at different temperatures and under different loading conditions was undertaken, which allowed the analysis of the correlation of die deformation and lifetime with process parameters in the creep-fatigue regime. In the follow-up research, analytical models available in the literature to describe the material behavior in the creep-fatigue regime will be experimentally validated by using this testing method.
Material and Testing Method
The material of the specimens investigated in the present study was the hot-work tool steel AISI H11 (or DIN 1.2343, X37CrMoV5-1) with a tempered martensitic structure. Its chemical composition is presented in Table 1 . The material was subjected to a four-step heat treatment, typical of that applied to aluminum extrusion dies. It consisted of austenitizing at 1000°C, quenching in a nitrogen atmosphere and double tempering, which led to a Rockwell hardness value of 46 HRC. The details of the heat treatment are given in Table 2 . Table 1 Chemical composition of the AISI H11 steel used in the present study (in wt. %) 
Advances on Hot Extrusion and Simulation of Light Alloys
Designed to replicate the geometry of the die mandrel on a smaller scale, the specimens contained a core support and two bridges ( Fig. 1 ). This geometry included all the characteristic elements of a hollow die, including fillet radius, the height and width of the bridges. FE analysis of the tool-specimen contact and specimen deformation was performed to optimize the specimen geometry and dimensions and to select the load intensities in order to achieve specific average values of stress on the specimen legs (400, 600 and 800 MPa). Fig. 2 shows an average stress of 400 MPa at the specimen legs reached under a particular loading condition. During the test, a fully compressive cyclic load was applied to the specimen mandrel and transferred to the bridges, resulting in mostly shear stresses. In order to replicate the loading conditions that occur to the die during the extrusion process, a dwell time (DT) of 3 min was included in the stresscontrolled fatigue loops. The time-history of mechanical waveforms and thermal load is schematically shown in Fig. 3 . 
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The first 600 s were given to allow the specimen to reach the temperature set, while thermal expansion of the specimen occurred. A minimum compressive load of 2 kN was maintained during the test in order to keep the specimen on hold between the tools. The tools were made of the same steel as the specimen and had a hardness value of 55 HRC. Four temperatures (380, 490, 540 and 580 °C) and three levels of stress (400, 600 and 800 MPa which were the average values of the Von Mises stress at the bridge area of the specimen) were applied to cover the thermomechanical conditions that the mandrel of a hollow die may encounter in extrusion practice. A servo-hydraulic thermomechanical simulator, Gleeble-1500D, was used for the tests (Fig. 4) . The specimen was heated using Joule's effect, with a close-loop feedback signal enabling precise control of the heat input throughout the test. Two thermocouples were spot-welded on the surface of the specimen, one for regulating heating in order to maintain the preset temperature during the test and another for additional monitoring. The displacements of the anvils were registered throughout the test. All the tests were terminated after 6.30 h, corresponding to 106 loading cycles, unless the specimen broke prematurely. After unloading and cooling down to room temperature, the final height of the specimen was measured to obtain the data of its final permanent deformation. To ascertain the thermal stability of the specimen during the test and determine the temperature distribution, two additional tests were performed during which the temperatures at 15 points distributed all over the specimen surfaces were monitored. The thermophysical properties of the AISI H11 tool steel as a function of temperature are reported in [10] . Accurate determination of displacement during the test was considered very important. As the displacement transducer is located at the end of the loading system of the Gleeble machine, the measurement is the sum of various contributions including those from the specimen, the hydraulic loading system, anvils, etc. In order to quantify the yielding of the Gleeble system, a block of material, assumed to be rigid, was placed between the tools. The displacement under the static compressive loads corresponding to 400, 600 and 800 MPa in the bridges of the specimen was taken as that of the Gleeble system.
Results and Discussion
The insertion of one or two copper plates between the tool and specimen was found to be a workable solution to the stabilization of the specimen temperature during the test. Fig. 5c shows the temperature distribution at the 15 measurement points on the specimen (Fig. 5a ). The evolutions of these temperatures over a period of time are presented in Fig. 5b which clearly shows the stability of the temperatures after 600 s. The differences in temperature between the two sides of the specimen at the mirror points (2-12, 1-11 and 3-13) were noticed. The maximum difference was 33°C between points 2 and 12. This was attributed mainly to the imperfect contact at the specimen-copper plates-tool interfaces. The temperature non-uniformity was thought to be acceptable, considering the accuracy of the thermocouple measurements (± 6°C). 
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In Table 3 , the results of the creep-fatigue tests performed are shown in the form of the timedisplacement diagram. The tests at 800 MPa and 540°C and those at 580°C were ended after 1.8 h and 0.5 h, respectively, due to the failure of the specimens. In Table 4 , the values of the final permanent deformation of the specimens after 106 loading cycles and cooling, measured by means of a caliper, are reported. These measurements had an uncertainty of ±0.05 mm. The yielding of the Gleeble system under the static compressive loads of 400, 600 and 800 MPa in the bridges of the specimen is reported in Table 5 . It is indeed reasonable to assume a constant yielding of the system over the test duration, even when the deformation of the copper plates is taken into consideration. (Note the small thickness of the copper plates (0.5 mm) relative to the whole system.) The displacements of the specimens at the first, tenth, sixtieth and hundredth cycle, after the effect of the Gleeble machine yielding has been accounted for, are reported in Table 6 . The displacements during the dwell time (in the middle and at the end of the dwell time, i.e. 1.5DT and 3.0DT, respectively) are also reported in Table 6 to show the creep behaviour (Fig. 6 ). The displacement in the last row of Table 6 was registered at the last cycle (the 106 th ) with the load applied and at the corresponding temperature. Table 6 Displacement of the specimen due to deformation during the creep-fatigue tests   380°C  490°C  540°C  580°C  cycle  400  600  800  400  600  800  400  600  800  400  600  800  1 From Tables 3 and 6 , a progressive increment of the displacement rate from the first to the last cycle was observed. The increment became greater as the level of stress increased (e.g. from 0.702 mm to 0.977 mm at 380°) and as the temperature rose (e.g. from 0.702 mm to 1.260 mm at 400 MPa). Velay, Bernhart et al. investigated the cyclic behavior of tempered martensitic hot-work tool steels with particular reference to the AISI H11 tool steel [10] [11] [12] . Cyclic softening of the material was observed, which could be divided into three stages: an initial strong softening followed by a slow steady softening that took the major part of the material life, and finally a drastic softening driven by crack propagation. In the present research, the first two stages of the cyclic softening were captured during almost all of the tests performed (Table 3) in which a change in the slope of the timedisplacement history occurred. This behavior became more remarked at a higher level of stress and/or at a higher temperature (i.e., 800 MPa and 490°C, or 400 MPa and 580°C). Indeed, the rate of stress softening increased as the test temperature and stress intensity increased. The second and third stages of the cyclic softening were detected at the most critical test conditions of both parameters (600MPa/580°C, 800MPa/540°C, 800MPa/580°C) that lead to a premature failure of the specimens.
As can be seen in Fig. 6 , the presence of a dwell-time of 3 min introduced a time-dependent effect on the specimen deformation. Such a time-dependent effect (material viscosity) produced an increased displacement, which could be explained by the additional inelastic strain, as described in [8] . Indeed, the viscoplastic strain had the time to develop, resulting in an enlarging hysteresis loop. The path of the displacement over the dwell time suggested that a primary as well as a secondary creep phase took place during this time. Moreover, the stabilization of the creep displacement during the dwell time from the first to the sixtieth cycle, as shown in Fig. 6 , confirmed the presence of slow steady stage of the softening (Fig. 6c ).
Summary
Previous research has shown that creep plays a fundamental role in resulting in deformation even during short cycles. Thus, hot-work steels used for extrusion tools should be evaluated with respect not only to their hot strength but also to their time-dependant creep strength. The latter is also of Key Engineering Materials Vol. 424importance in the creep-fatigue interaction regime. With this in mind, the present research was performed to investigate the performance of a hot-work tool steel H11 under the normal working conditions as applied to hollow extrusion dies in industrial practice. The purposely designed specimens were tested under creep-fatigue loading, e.g. low-cycle fatigue with a dwell-time at different levels of stress and at different temperatures. The resulting evolution of the displacements indicated a mixed time-and cycle-dependant damage mechanism; at a high temperature, the cycling loading led to the softening of the material which was accelerated by the superimposed creep.
The results of the present research confirmed the capabilities of the testing method to evaluate the effects of both the design (stress) and process (temperature) parameters in extrusion on the deformation and lifetime of the mandrel in the hollow die. The geometry of the specimen designed on the basis of FE analysis allowed the dedicated analysis of the regions affected by creep and fatigue. This made the test a powerful tool for the die designer.
